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Theory



Particle agitation and conductivity

€ 

Θ =
1
3

 u'
i
u'

i

fluctuation velocity u’i

fluctuation kinetic energy per grain mass

“granular temperature”

Jenkins, Savage, Lun, others



Particle agitation and conductivity
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Predictions of the kinetic theory



Mixture (static) conductivity

Maxwell model (1873)
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Heat exchange
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Heat transfer in agitated suspensions

Tg

Ts

T

y

hot

cold

€ 

∂ /∂t = 0, ∂/∂x = 0, ∇ν = 0, v = 0

phase conductivities Kg and Ks; volumetric exchange rate H
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Boundary conditions
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Governing equations
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Diffusion and Exchange limits
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Complications



Role of ordering and oscillations
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Role of ordering and oscillations
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Turbulent enhancements in the exchange limit
Verberg and Koch, Phys. Fluids 2006

movie: Chris Pelkie
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Turbulent enhancements in the exchange limit
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Role of
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Thermal simulations
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Experiments



Experiments in the exchange limit
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Model the vibrated box

volume fraction granular temperature heat flux
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Role of size in the exchange limit

4mm, 3.2mm, and 2 mm acrylic spheres in air

L/d = 6.4



Role of volume fraction in the exchange limit
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DNS of turbulent heat transfer between plates

Kuerten, et al “Turbulence modification and heat transfer enhancement 
by inertial particles in turbulent channel flow” Phys. Fluids 23, 123301 (2011)



Conclusions
• Agitated suspensions have “diffusion” and “exchange” heat transfer limits.

• Granular ordering affect heat transfer.

• Granular agitation further enhances heat transfer in the exchange limit by
augmenting turbulence.

Heat transfer enhancement in dense suspensions of agitated solids. 
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